This study aimed at elucidating the structure and function of HNTX-III. Results: HNTX-III adopts the inhibitor cystine knot motif and inhibits Nav1.7 activation through binding to site 4 in the closed state. Conclusion: HNTX-III is distinct from other β-toxins in its action mechanism, specificity and affinity. Significance: HNTX-III is a useful tool for studying toxin-VGSC interaction and a potential prototype analgesic.
SUMMARY
In the present study, we investigated the structure and function of Hainantoxin-III (HNTX-III), a 33-residue polypeptide from the venom of the spider Ornithoctonus hainana. It is a selective antagonist of neuronal tetrodotoxin-sensitive voltage-gated sodium channels. HNTX-III suppressed Nav1.7 current amplitude without significantly altering the activation, inactivation and repriming kinetics. Short extreme depolarizations partially activated the toxin-bound channel, indicating voltage-dependent inhibition of HNTX-III. HNTX-III increased the deactivation of the Nav1.7 current after extreme depolarizations. The HNTX-III-Nav1.7 complex was gradually dissociated upon prolonged strong depolarizations in a voltage-dependent manner, and the unbound toxin rebound to Nav1.7 after a long repolarization. Moreover, analysis of chimeric channels showed that the DIIS3-S4 linker was critical for HNTX-III binding to Nav1.7. These data are consistent with HNTX-III interacting with Nav1.7 site 4 and trapping the domain II voltage sensor in the closed state. The solution structure of HNTX-III was determined by 2D-NMR and shown to possess an inhibitor cystine knot motif. Structural analysis indicated that certain basic, hydrophobic and aromatic residues mainly localized in the C-terminus may constitute an amphiphilic surface potentially involved in HNTX-III binding to Nav1.7. Taken together, our results show that HNTX-III is distinct from β-scorpion toxins and other β-spider toxins in its mechanism of action and binding specificity and affinity. The present findings contribute to our understanding of the mechanism of toxin-sodium channel interaction and provide a useful tool for the investigation of the structure and function of sodium channel isoforms and for the development of analgesics.
Voltage-gated sodium channels (VGSCs) are essential for the initiation and propagation of action potentials in excitable tissues such as nerves and muscles. Mutations in VGSC proteins have been associated with several diseases in humans (1) (2) (3) (4) (5) (6) (7) . All VGSCs are composed of a pore-forming α subunit and two auxiliary β subunits.
To date, nine α subunits (Nav1.1-Nav1.9, also referred as channels) and four β subunits (β1-β4) have been identified in mammals (1, 3) . The nine isoforms of VGSCs are classified into two groups according to their sensitivity to tetrodoxin (TTX): Nav1.1-1.4, Nav1.6 and Nav1.7 are sensitive to nanomolar concentrations of TTX (TTX-S), whereas Nav1.5, Nav1.8 and Nav1.9 are resistant (TTX-R) (1, 3) . Of the nine isoforms of VGSCs, Nav1.7-1.9 play specialized roles in nociceptive pathways, and are considered as useful targets for the development of analgesic drugs (4) (5) (6) (7) .
Neurotoxins, including TTX, μ-conotoxins, α-and β-scorpion toxins, sea anemone toxins, and β-spider toxins, interact with VGSCs, blocking sodium currents or modulating the gating properties of these channels (8) (9) (10) (11) (12) (13) . To date, six different neurotoxin receptor sites (sites 1-6) have been identified on VGSCs. Different neurotoxins bind to one of the six receptor sites and therefore have distinct effects on VGSCs. Certain neurotoxins target VGSCs with high affinity (at nano-molar potency) and selectivity (subtype-selective), and have been used to isolate VGSCs and to explore their structure and function. Moreover, neurotoxins have been used to develop therapeutic drugs that selectively target certain VGSC isoforms (8) (9) (10) (11) (12) (13) . To date, more than one hundred neurotoxins acting on VGSCs have been identified from venomous animals such as scorpions, snails, spiders, and sea anemones. However, only a small proportion of toxins have been intensively investigated, which has limited their potential applications. Therefore, a comprehensive analysis of the structure and function of specific toxins affecting VGSCs is still necessary (8) (9) (10) (11) (12) (13) .
Spider venoms are a rich source of diverse bioactive peptides affecting VGSCs and are therefore potential candidates for therapeutic drug development (14，15). However, compared with conotoxins and scorpion toxins, relatively few spider toxins with activity against VGSCs have been identified, and for most of them, the precise pattern of VGSC subtype selectivity is either unknown or has not been fully elucidated. The mechanisms by which spider toxins interact with VGSCs have only recently become the topic of research (9) . Therefore, the identification and characterization of novel spider peptide toxins affecting VGSCs are expected to expand our understanding of the mechanisms of their interaction and provide new templates for drug development.
We previously identified a 33-residue peptide named Hainantoxin-III (HNTX-III), isolated from the venom of the spider O. hainana. This peptide potently inhibited TTX-S VGSCs in rat dorsal root ganglion (DRG) cells, whereas it had no effect on TTX-R VGSCs. In our previous study, we showed that HNTX-III is a novel spider toxin and its effect on mammalian neural Na + channels is mediated by a mechanism different from that of other spider toxins targeting the neural receptor site 3, such as δ-aractoxins and μ-agatoxins (16) . In the present study, we elucidated the solution structure and subtype selectivity of HNTX-III and showed that HNTX-III inhibits Nav1.7 activation in a manner similar to HWTX-IV, which binds to site 4 of Nav1.7, trapping the voltage sensor in the closed state (17) (18) (19) (20) . This mechanism of action is different from those of α-and β-scorpion toxins.
Compared with many other β-spider toxins, HNTX-III possesses distinct sodium channel-inhibiting properties in the manner of channel gating modification and binding specificity and affinity.
EXPERIMENTAL PROCEDURES
Materials and animals-Kunming albino mice and Sprague-Dawley rats were purchased from Xiangya School of Medicine, Central South University. All sequencing reagents were purchased from Applied Biosystems (Foster City, CA, USA) Division of PerkinElmer. The 3' and 5' RACE kits and Trizol reagent were purchased from Invitrogen (Invitrogen, Carlsbad, CA, USA). Restriction enzymes, Taq DNA polymerase, and the pGEMT easy vector system were acquired from Promega (Promega, Medison, WI, USA). All synthesis reagents were purchased from Chemassist Corp. Trifluoroacetic acid (TFA) and α-cyano-4-hydroxycinnamic acid (CCA) were obtained from Sigma (Sigma, St. Louis, MO, USA). All reagents were of analytical grade. Toxin purification-The venom was obtained by electrical stimulation of female spiders, and the freeze-dried crude venom was stored at -20°C prior to analysis. Lyophilized venom, dissolved in double-distilled water, was purified by ion exchange chromatography and reverse-phase high-performance liquid chromatography (RP-HPLC). Ion exchange chromatography was performed using a Waters Protein-Pak CM 8H column (10 mm × 100 mm) on a Waters 650 Advanced Protein Purification system equipped with a model 486 detector. Fractions obtained from ion exchange chromatography were further fractionated using reverse phase HPLC on a Vydac C18 column (300 Å, 4.6 mm ×250 mm) on a Waters alliance 2690 HPLC system with a model 996 photodiode array detector. Electrophysiological assays-Whole cell clamp recordings of voltage-gated sodium currents were generated from rat dorsal root ganglion (DRG) neurons that were acutely dissociated from 30-day old Sprague-Dawley rats, and maintained in short-term primary culture according to the methods described by Hu H.Z and Li Z.W (23) . DRG cells with large diameter (around 50 pS in slow-capacitance) and those with relatively small diameter (around 20 pS for slow-capacitance) were selected for the study of TTX-S and TTX-R sodium currents, respectively. Meanwhile, TTX at a final concentration of 200 nmol/L was used to separate the TTX-R sodium current from the TTX-S sodium current. A human Nav1.1-1.5 or Nav1.7 channel plasmid and a plasmid for green fluorescent protein were transiently transfected into human embryonic kidney 293 (HEK293) cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. HEK293 cells were grown under standard tissue culture conditions (5% CO 2 ; 37°C) in DMEM supplemented with 10% FBS. The β1 subunit was cotransfected with the Nav1.7 channel to increase the current density. Cells with green fluorescence were selected for whole-cell patch-clamp recording at 36-72 h after transfection. Patch-clamp experiments were performed at room temperature. Suction pipettes (2.0-3.0 MΩ) were made from borosilicate glass capillary tubes using a two-step vertical micropipette puller. ) . All NMR spectra were observed on a 500-MHz Bruker DRX-500 spectrometer with a sample temperature of 298 K. Several sets of two-dimensional spectra were recorded in a phase-sensitive mode by the time-proportional phase increment method with standard pulse sequences and phase cycling. TOCSY spectra were obtained with a mixing time of 85 ms. NOESY spectra were recorded in D 2 O with a mixing time of 200 ms and in H 2 O with mixing times of 100, 200, and 400 ms. Solvent suppression was achieved according to the presaturation method. All two-dimensional measurements were recorded with 512-1024 frequency data points and were zero-filled to yield 1024-2048 data matrices, except in the high resolution DQF-COSY spectrum. The DQF-COSY spectrum was recorded with 2048-1024 data points in the t2 and t1 dimensions, respectively, and zero-filled to 4096-2048 points to measure the coupling constants. All spectra were processed and analyzed using Felix 98.0 (Biosym Technologies) software running on a Silicon Graphics O 2 work station. Before Fourier transformation, the signal was multiplied by a sine bell or sine bell square window function with a π/2 phase shift. Structure calculations-Distance constraints were obtained from the intensities of the crosspeaks in NOESY spectra with a mixing time of 200 ms. All NOE data were classified into three distance ranges, 1.8-2.7 Å, 1.8-3.5 Å, and 1.8-5.0 Å, corresponding to strong, medium, and weak NOE values, respectively. Pseudo-atom corrections were applied to non-stereospecifically assigned methyl and methylene protons according to the method of Wüthrich (24) . Ten dihedral angle restraints derived from 3 J NH-CαH coupling constants were restrained to -120±30° for 3 J NH-CαH ≥8.80 Hz and -65±25° for 3 J NH-CαH ≤5.5 Hz. Three distance constraints were added to every disulfide bridge that was determined from NMR data. The corresponding distances were 2.02±0.02 Å, 2.99±0.5 Å, and 2.99±0.5 Å for S(i)-S(j), S(i)-C β (j), and S(j)-C β (i), respectively. Structure calculations of HNTX-III were run on a Silicon Graphics workstation using the standard protocol of the X-PLOR NIH-2.9.6 program (25).
RESULTS

Inhibitory effect of HNTX-III on VGSC isoforms expressed on HEK293 cells-HNTX-III
was purified through the combined use of ion-exchange HPLC and RP-HPLC as described in our previous study (16) . The amino acid sequence of HNTX-III is GCKGFGDSCTPGKNECCPNYACSSKHKWC KVYL, and it contains an amidated C-terminal residue. The disulfide linkages of HNTX-III were determined to be Cys2-Cys17, Cys9-Cys22, and Cys16-Cys29 (known as the 1-4, 2-5 and 3-6 disulfide pattern) by TCEP partial reduction and Edman degradation. Consistent with our previous study, HNTX-III purified in the present study was able to inhibit TTX-S Na + currents in rat DRG cells, whereas it had no detectable effect on TTX-R Na + currents (data not shown).
The inhibitory activity of HNTX-III on Nav1.1-1.5 and 1.7 channels transiently expressed on HEK293 cells was examined next. The current of each channel was triggered by 50 ms depolarization potentials to -10 mV from the clamped voltage of -80 mV. Of the six VGSC isoforms, Nav1.1-1.3, and 1.7 currents were inhibited by 1 μM HNTX-III and the inhibitory effect was dose-dependent ( Fig. 1) . The IC 50 value was calculated to be approximately 1.27 μM for Nav1.1, 275 nM for Nav1.2, 491 nM for Nav1.3 and 232 nM for Nav1.7. Since we failed to detect a current in Nav1.6 expressed in HEK 293 cells, the inhibitory effect of HNTX-III on Nav1.6 could not be examined in the present study. However, because 1 μM toxin completely suppressed TTX-S Na + currents in rat DRG cells, which show high levels of Nav1.6 expression, we concluded that HNTX-III has inhibitory activity against Nav1.6 currents. On the other hand, no inhibitory effect was observed on Nav1.4 and Nav1.5 currents even in the presence of 10 μM HNTX-III ( Fig. 1 ).
Voltage-dependent HNTX-III inhibition of Nav1.7 expressed on HEK293 cells-To
investigate the mechanism by which HNTX-III inhibits the Nav1.7 current expressed on HEK293 cells, the time dependent inhibition of Nav1.7 by 1 μM HNTX-III (τ on = 20.5±0.3 s) was examined as shown in Fig. 2A . The inhibition by HNTX-III was reversible upon washing, with a recovery of ~80% of the control current within 7 min. The current-voltage (I-V) curves of Nav1.7 ( Fig. 2B) showed that HNTX-III did not affect the initial activated voltage, the active voltage of peak inward current and the reversal potential of the Nav1.7 current. The effects of HNTX-III on the activation and inactivation of Nav1.7 were analyzed. The half-activation voltage and half-inactivation voltage of Nav1.7 after treatment with 1 μM HNTX-III were 42.8 mV and 90.8 mV, respectively, compared to 39.6 mV and 87.0 mV, respectively, in the control group ( Fig. 2C ), indicating that HNTX-III inhibited the peak current of Nav1.7 without significantly changing its activation and inactivation kinetics. Furthermore, we examined the effect of HNTX-III on the repriming kinetics (recovery from inactivation) of Nav1.7 (32) . As shown in Fig. 2D , the Nav1.7 current was gradually recovered with a progressive increase in the recovery times to the recovery potential of -80 mV before and after application of 1 μM HNTX-III. Consistent with results showing that HNTX-III does not alter the inactivation kinetics of Nav1.7, HNTX-III had no effect on the rate of recovery from inactivation (27.2 ± 0.8 ms for the control and 25.2 ± 1.1 ms for HNTX-III treated samples) (Fig. 2E) . This was contrary to other spider toxins, such as δ-actratoxins and β-spider toxins, which modulate the gating behaviors of VGSCs (9, (33) (34) (35) . These finding suggest that HNTX-III, similar to TTX, seems to act as a pore blocker in the physiologically relevant voltage range of -80 to -60 mV. In our previous study, we found that HNTX-III caused a hyperpolarizing shift of approximately 10 mV in the half-inactivation voltage of rat DRG TTX-S VGSCs and significantly decreased the recovery rate from inactivation, which is different from the results obtained with Nav1.7 expressed in HEK 293 cells. This difference might be explained as follows: (1) rat DRG cells express multiple TTX-S VGSC isoforms including Nav1.1, Nav1.2 Nav1.6 and Nav1.7. The effect on rat DRG TTX-S VGSCs described above could be attributed to HNTX-III acting on TTX-S VGSC isoforms other than Nav1.7; (2) Nav1.7 channels expressed on these two cell types have different regulatory proteins, such as β-subunits, which may modulate the action of HNTX-III on Nav1.7, similar to the effect of β-subunits on modulating the inhibition of Nav1.8 by the gating modifier μO-conotoxin MrVIB (36) . Additional experiments were performed to clarify whether HNTX-III acts as a pore blocker or a gating modifier. It is known that when gating modifier toxins cause complete inhibition of all inward currents, outward currents can still be observed (37) (38) (39) . In the present study, cells were depolarized from -100 mV to potentials ranging from -60 to 160 mV in 10-mV increments and the depolarization duration was 1 ms. In the modified solutions described in our previous study (19), we found that the Nav1.7 current was reversed at approximately 0 mV and the amplitude of the outward current elicited with strong depolarizations was increased (Fig.  3A) . In the presence of 5 μM HNTX-III, the inward current was completely inhibited, indicating that the toxin-bound Nav1.7 channels expressed on HEK 293 cells could not be activated in response to moderate depolarizations that evoke inward currents through the unblocked channel. Nevertheless, the toxin-bound channel could still be opened by large depolarizations at voltages above 40 mV. The outward current increased gradually with increasing depolarization potentials, with a current amplitude of approximately 27% of the current amplitude elicited before toxin application (Figs. 3A and B) . On the contrary, TTX, a pore blocker, completely blocked both inward and outward currents with depolarization potentials from -60 mV to 160 mV (Fig. 3B) . Furthermore, the IC 50 values were approximately 232 nM, 415 nM and 1.6 μM for Nav1.7 currents evoked with depolarizations of -10 mV, +50 mV and +100 mV, respectively (Fig. 3C ). These data indicated that HNTX-III inhibition of Nav1.7 was voltage-dependent or state-dependent.
HNTX-III binds to the DIIS3-S4 linker of Nav1.7 expressed on HEK293 cells-Considering our previous results with HWTX-IV, the present results indicated that HNTX-III might be a site 4 toxin acting on the DIIS3-S4 linker of Nav1.7.
To clarify this hypothesis, we constructed chimeric channels of Nav1.5 or Nav1.7 (Fig. 4A) . As the toxin has no inhibitory activity against Nav1.5, we assumed that HNTX-III would not affect a Nav1.7 chimeric channel in which the DIIS3-S4 linker (-LADVEGLSV-) of Nav1.7 was replaced with the corresponding linker (-LSRMGNLSV-) of Nav1.5, whereas it should inhibit the Nav1.5 chimeric channel in which the DIIS3-S4 linker of Nav1.5 was replaced with the corresponding linker of Nav1.7 (Fig. 4A) . As shown in Fig. 4 , 10 μM HNTX-III could only reduce approximately 9% of the amplitude current of the Nav1.7 chimeric channel (Figs. 4B  and D) . On the other hand, 1 μM HNTX-III could inhibit more than 50% of the amplitude current of the Nav1.5 chimeric channel and the IC 50 value was calculated to be 975 nM (Figs. 4C  and D) . These data indicate that the DIIS3-S4 linker might be critical for HNTX-III binding to Nav1.7. The lack of an effect of HNTX-III on the activation and inactivation kinetics was suggestive of a toxin that might trap the domain II voltage sensor of Nav1.7 in its resting conformation.
Kinetics of dissociation of HNTX-III from
Nav1.7-Binding of HWTX-IV was reversed by prolonged strong depolarizations that activate the voltage sensor (19). Therefore, we examined whether prolonged strong depolarizations could reverse the inhibitory effect of HNTX-III on Nav1.7 by using the protocol described by Wang J.Z et al. (40) with some modifications (Fig. 5A ).
As shown in Fig. 5B , in the absence of HNTX-III, a current of approximately 10 nA was induced by the test pulse, indicating the recovery from inactivation. In the presence of 2 μM HNTX-III, a progressively longer strong depolarization (to 100 mV) led to an increase in the fraction of sodium current recovered from inhibition by HNTX-III. Depolarizations lasting 100 and 600 ms resulted in approximately 30% and complete recovery of the Na + current, respectively. These data indicate that HNTX-III dissociated from Nav1.7 in response to prolonged strong depolarizations. As shown in Fig. 5C , increased depolarization potentials (the depolarization time was set at 400 ms) were correlated with increased dissociation. Fig. 5D shows the time course of dissociation of the toxin after strong depolarizations in the presence of 2 μM HNTX-III, from which the dissociation time constant (τ) was calculated to be 189 ± 5 ms at 100 mV, 323 ± 10 ms at 80 mV, or 566 ± 13 ms at 60 mV. These results indicated that the rate of HNTX-III dissociation was voltage-dependent, and a stronger depolarization was correlated with a higher rate of dissociation (Fig. 5E ). The dissociation was also concentration-dependent, with a lower rate of dissociation in the presence of higher concentrations of HNTX-III. In the presence of 5 μM HNTX-III, the dissociation time constant (τ) was calculated to be 294 ± 7 ms at 100 mV, 476 ± 12 ms at 80 mV, or 733 ± 17 ms at 60 mV (Fig. 5E) .
Kinetics of reassociation of HNTX-III with
Nav1.7-The rates of reassociation of unbound HNTX-III with Nav1.7 were also assessed using a protocol described by Wang J.Z et al. (40) (Fig.  5F ). In agreement with the data described above, HNTX-III completely dissociated upon the 600 ms depolarization to 100 mV, as indicated by the complete recovery of the sodium current (Fig.  5G) . A gradual rebinding of HNTX-III to Nav1.7 occurred after longer repolarizations with complete reassociation at 55 s ( Figs 5G and H ).
In the presence of 2 μM HNTX-III, the reassociation time constant was 22.3 ± 2.4 s at -100 mV, and 21.0 ± 2.1 s at -80 mV (Figs 5H and I), indicating that toxin reassociation was independent of membrane potential. In the presence of 5 μM HNTX-III, the reassociation time constant was 18.7 ± 3.1 s at -100 mV, and 17.9 ± 2.6 s at -80 mV (Figs. 5H and I) , with no significant difference between both concentrations.
Kinetics of deactivation of Nav1.7 in the presence HNTX-III-HNTX-III dissociated from Nav1.7 upon prolonged strong depolarizations and reassociated to the channel after long repolarizations. This behavior could be explained by state-dependent interaction of HNTX-III with Nav1.7, by which HNTX-III binding to Nav1.7 would be dependent on the configuration of the channel. Another explanation is based on an electric field effect, by which HNTX-III is positively charged at pH7.4 and the dissociation and reassociation of the toxin to Nav1.7 occurs by electric repulsion and attraction in an electric field. Our data described above supported the former mechanism. Furthermore, additional experiments were conducted to analyze the current deactivation kinetics as shown for hanatoxin and Kv2.1 (40). As indicated above, short extreme depolarizations activated the Nav1.7 channel in the presence of 5 μM HNTX-III, which eliminated the inward current of Nav1.7. If extreme depolarization caused the activation of toxin-bound channel, then the deactivation kinetics (the rate at which current decays or channels close in response to repolarization of the membrane potential) following the activating pulses would be different from the kinetics in the absence of the toxin. However, if the toxin must dissociate from the channel before current activation, the deactivation kinetics following extreme depolarizations should be the same in the presence and absence of the toxin (19, 41). Therefore, we determined the time course for Nav1.7 current deactivation following a 0.2 ms depolarization to 250 mV (Fig. 6 ). In the presence of 5 μM HNTX-III, the outward current amplitude evoked by the short depolarizing pulse was approximately 50% of that activated before the toxin application (Fig. 6A) . The relative amplitude (the peak current in the presence of HNTX-III was normalized to that before toxin application) of tail current evoked by the repolarizing pulse following the depolarizing pulse was also reduced in the presence of HNTX-III (Fig. 6B) , indicating a more rapid closure of the Nav1.7 channel during the repolarizing transition. The time course for the decay of the tail current was also much faster in the presence of HNTX-III (Fig. 6B (inset) and C). The significantly faster deactivation of the Nav1.7 current in the presence of 5 μM HNTX-III could be explained as follows: the toxin-bound channel activated by an extreme depolarization would be deactivated or returned to its resting state more rapidly if the toxin bound with greater affinity to the channel in the resting configuration. The gradual dissociation of HNTX-III in response to prolonged strong depolarizations could be the result of prolonged activation maintaining the channel in a configuration with lower toxin affinity, which promotes toxin dissociation. Taken together, our results indicate that HNTX-III, similar to HWTX-IV, should bind to the Nav1.7 voltage sensor in the closed state, inhibiting its activation.
The solution structure of HNTX-III-Sequence-specific resonance assignments were performed according to the standard procedures established by Wüthrich (24) . All of the backbone protons and more than 95% of the side chain protons were identified. The two Pro residues (Pro11 and Pro18) of HNTX-III were assigned clearly by the strong sequential Hα-Hδ crosspeaks for Xxx-Pro, which also indicated the presence of trans-peptide bonds for these residues (42) .
The structure of HNTX-III was determined using 451 intramolecular distance constraints, 6 dihedral constraints, and nine distance constraints derived from the three disulfide bridges. Altogether, the final experimental set corresponded to 10 restraints per residue on average. A family of 20 accepted structures with lower energies and better Ramachandran plots were selected to represent the three-dimensional solution structure of HNTX-III (PDB code: 2JTB). The structures have no distance violations greater than 0.2 Å and no dihedral violations greater than 2.0°. They have favorable non-bonded contacts as evidenced by the low values of the mean Lennard-Jones potentials, and good covalent geometry as indicated by the small deviations from ideal bond lengths and bond angles. Analysis of the structures in PROCHECK showed that 80.2% of non-Pro, non-Gly residues lie in the most favored regions of the Ramachandran plot with a further 19.8% in additionally allowed regions. The best-fit superposition of the backbone atoms (N, C α , and C) for the 20 converged structures of HNTX-III resulted in an average root-mean-square deviation with respect to the mean structure values of 0.55±0.09 Å for backbone atoms and 1.19±0.12 Å for all heavy atoms. Fig. 7A shows the best-fit superposition of the backbone atoms (N, C α , C) for the 20 converged structures of HNTX-III. Analysis of the 20 converged structures indicated that the molecular structure of HNTX-III contains a short triple-stranded anti-parallel β-sheet formed by the strands Gly7-Cys9, Ala21-Ser23 and Lys27-Lys30 (Fig. 7B) . The strong sequential d α N and weak dNN, interstrand NOE connectivities, chemical shift index, large 3 J NH-CαH coupling constants, and slowly exchanging amide protons confirmed the β-sheet structure (43) . The turns in HNTX-III were also identified using a standard definition that states that the distance between C α (i) and C α (i+3) should be less than 7 Ǻ and that the characteristic NOE connectivities of backbone protons for the corresponding turn segments are present. These analyses led to the identification of three β-turns: Gly4-Asp7 (type II), Tre10-Lys13 (type II), and Ser24-Lys27 (type I) (Fig.  7B) .
HNTX-III adopts an inhibitor cystine knot (ICK) motif commonly observed in other toxic and inhibitory peptides (44, 45) . The cystine knot in HNTX-III is formed by three disulfide bridges between Cys2 and Cys17, Cys9 and Cys22, and Cys16 and Cys29, with the Cys16-Cys29 disulfide bridge crossing a 10-residue ring formed by the intervening polypeptide backbone and the Cys2-Cys19 and Cys9-Cys22 disulfide bridges (Fig. 7B) . The ICK toxins have diverse bioactivities, which are derived from structural differences caused by the amino acid residues located on the loops between two cysteine residues (43, 44) . A significant advantage of this motif is that it imparts peptides with extraordinary stability, even in human serum (14) . It is believed that HNTX-III has this advantage. The molecular surface analysis showed that the basic residues (K3, K13, K27, H26 and K25) are mainly distributed on one side forming a basic patch on the surface of HNTX-III, while most hydrophobic residues (F5, P18, Y20, A21, V31,Y32 and L33) are clustered on the other side forming a hydrophobic patch (Figs. 7C and  D) .
DISCUSSION
HNTX-III is a selective antagonist of neuronal TTX-S VGSCs-
In the present study, the specific inhibitory effect of HNTX-III on VGSCs was examined in HEK293 cells transiently expressing VGSC isoforms. Our previous study showed that the TTX-R isoforms Nav1.8 and Nav1.9 are resistant to inhibition by HNTX-III.
Of the six VGSC isoforms tested, Nav1.1-1.3 and 1.7 but not Nav1.4 (a skeletal TTX-S VGSC) and Nav1.5 (a cardiac TTX-R VGSC) are inhibited by HNTX-III, suggesting that HNTX-III is a selective antagonist of neuronal TTX-S VGSCs. Higher concentrations (IC 50 =2.5 μM) of HNTX-III were required to inhibit the Nav1.7 current evoked with stronger depolarization (100 mV). A saturating concentration of HNTX-III (5 μM) could completely suppress all inward Nav1.7 currents elicited with moderate depolariztions, but upon short extreme depolarizations (above 40 mV), a fraction of outward currents (approximately 27% of the current amplitude elicited before toxin application at 160 mV) were still observed, indicating the activation of the toxin-bound channel. Second, our data on chimeric channels showed that the DIIS3-S4 linker plays an important role in HNTX-III binding to Nav1.7, providing direct evidence that HNTX-III is a gating modifier acting on site 4. Third, we further demonstrated that the toxin-bound channel could deactivate or return to a closed configuration more rapidly than the free channel in the absence of HNTX-III, as revealed by the deactivation kinetics analysis. These data suggest that HNTX-III preferentially binds to Nav1.7 in the closed state with high affinity and stabilizes the voltage sensor. Consequently, extreme depolarizations should be required to overcome the energy of the interaction of HNTX-III with the channel in the resting state, driving it into the activated conformation. Fourth, the inhibition could be reversed by prolonged strong depolarizations. HNTX-III dissociated more rapidly at higher depolarized potentials. We proposed that prolonged strong depolarization may push the outward movement of the voltage sensor from the inward position even in the presence of bound HNTX-III. This would cause a conformational change of the binding site, resulting in the dissociation of the HNTX-III-Nav1. 7 complex. Additionally, HNTX-III was able to gradually rebind to Nav1.7 after longer repolarizations that caused a return to the closed state from the inactivated state. These data suggest that HNTX-III and HWTX-IV share a common mechanism of inhibition of Nav1.7 by binding to the S3-S4 linker in domain II of Nav1.7 in the closed state and consequently trapping the voltage sensor in its inward position. Thus, these toxins prevent the outward movement of the voltage sensor upon membrane depolarization and keep Nav1.7 from opening, inhibiting Na + conductance (17) (18) (19) .
HNTX-III inhibits
HNTX-III is distinct from other β-toxins acting
on VGSCs-To date, more than 100 peptide neurotoxins affecting VGSCs have been identified from venomous animals (46, 47) . These neurotoxins are known as μ-conotoxins, α-and β-scorpion toxins, sea anemone toxins, δ-and β-spider toxins. They have been shown to bind to the four extracellular receptor sites (sites 1, 3, 4 and 6) (8) (9) (10) (11) (12) (13) 48, 49) . Although β-scorpion toxins and β-spider toxins target the same site 4, they have rather different mechanisms of action. β-scorpion toxins shift the voltage dependence of channel activation in the hyperpolarizing direction and reduce the peak current amplitude, which is the direct result of toxin binding to site 4 in the activated state, trapping the voltage sensor in its outward position (11) (12) (13) 50) . On the contrary, previous studies and our current results indicate that HNTX-III and many other β-spider toxins, namely HWTX-I, HWTX-IV, HNTX-I, HNTX-IV, CcoTx1, 2, and 3, PaurTx3 ProTx-I and ProTx-II, can target site 4 in the closed state, trapping the voltage sensor in its inward position (17-19, 26-29, 51-53) . However, it is important to note that HNTX-III and its analogue toxins (HWTX-I, HWTX-IV, HNTX-I and HNTX-III) differ from many other β-spider toxins (e.g. CcoTx1, 2, and 3, PaurTx3 ProTx-I and ProTx-II) in their mechanism of channel gating modification. The latter toxins shift the voltage-dependence activation to more depolarized potentials (51) (52) (53) , whereas the former ones cannot significantly change the activation kinetics (17) (18) (19) (26) (27) (28) (29) .
Compared with HNTX-I, HNTX-IV, HWTX-I and HWTX-IV, the VGSC-inhibiting properties of HNTX-III are distinct. First, these toxins show differences in their selectivity for VGSC isoforms. HWTX-I, HWTX-IV and HNTX-IV display slightly higher selectivity for Nav1.7 compared to Nav1.2 and Nav1.3, and they also show weak inhibitory activity against Nav1.4 and Nav1.5 (17) (18) (19) (20) (27) (28) (29) . HNTX-I is a weak antagonist of Nav1.2 (26) . HNTX-III is a selective inhibitor of neuronal TTX-S VGSCs with similar selectivity for Nav1.2, 1.3 and 1.7. Second, the inhibition of Nav1.7 by HNTX-III is reversible upon washing, but no reversibility was observed for HNTX-IV and HWTX-IV (19, 20, 27) . Additionally, compared with HWTX-IV and HNTX-IV, HNTX-III is much less toxic against animals. The intra-peritoneal LD 50 of HNTX-III in mice was determined to be approximately 5 mg/kg body weight, while those of HWTX-IV and HNTX-IV are approximately 0.2 mg/kg body weight as determined in our previous studies (20, 27) , indicating the lower toxicity of HNTX-III. Although HNTX-III belongs to the β-spider toxin family by binding to the same "macro" site 4 of VGSCs, it has distinct VGSC-inhibiting properties in the manner of channel gating modification and binding specificity and affinity, which could be related to its binding to different "micro" sites of VGSCs. Actually, multiple sites contributing to β-toxin interaction have been identified (8) (9) (10) (11) (12) (13) . Recently, Zhang J.Z et al. found that apart from the residues in DIIS3-S4 of Nav1.2, five residues in the DIII SS2-S6 loop are also important for Css IV binding (54). Therefore, HNTX-III may be a useful probe for exploring novel toxin binding sites affecting the gating properties of VGSCs.
The structure-function relationship of HNTX-III-Sodium channel toxins are known to have different amino acid sequences and structural scaffolds. However, extensive research on the structure-function relationships of certain toxins has highlighted certain common features of the bioactive surface. Multiple amino acid residues, particularly charged, hydrophobic and aromatic residues, are commonly involved in forming a big and amphiphilic bioactive surface, which is necessary to determine the high affinity and selectivity for binding to VGSC isoforms, (9, 55, 56) . Analysis of the molecular surfaces of HNTX-I, HNTX-III and HWTX-IV highlighted their amphiphilic properties, in which the basic residues (e.g. K25, H26, K27 and K30 in HNTX-III) form a positively charged patch, while the N-and C-terminal hydrophobic and aromatic residues (e.g. Phe5, Trp28, Val31, Tyr32 and L33 in HNTX-III) may make up a continuous hydrophobic surface that is separated from the positively charged surface (20，24，26) (Fig. 8) . The side chains of the residues in both surfaces project outward from the molecular surface in the same orientation, suggesting that together they could form the bioactive surface of the three toxins. The residues in the conserved motif K/RXK/RWCK among the five toxins (HNTX-I, HNTX-III, HNTX-IV, HWTX-I and HWTX-IV) forms the positively charged surface. Our previous studies indicated that Lys27, His28, Arg29 and Lys32 in this motif of HNTX-IV are critical residues for its inhibitory activity on TTX-S VGSCs in rat DRG cells (28, 57) , confirming that this basic surface may interact directly with the acidic residues in site 4. However, subtle structural differences may contribute to the inhibitory activities of these toxins. For example, the acidic residue Asp26 (corresponding to H26 in HNTX-III and T28 in HWTX-IV) is localized in the positively charged patch of HNTX-I, and thus interferes with its binding to the channels. This may explain the weak inhibitory activity of HNTX-I on Nav1.2. These data suggest that the amphiphilic surface consisting of basic, hydrophobic and aromatic residues is critical for toxin binding to VGSCs. A comparative analysis will provide valuable information for our understanding of the mechanisms underlying the interaction between β-spider toxins (HNTX-III and analogous toxins) and isoforms of VGSCs in future studies.
In summary, HNTX-III is a potent and specific antagonist of neuronal TTX-S VGSCs. Its structure possesses a stable and compact ICK motif. It inhibits the activation of Nav1.7 by trapping the domain II voltage sensor in the closed state, an action mechanism different from that of β-scorpion toxins. Moreover, compared with many other β-spider toxins, HNTX-III is distinct with regard to gating modification and binding specificity and affinity. These distinct properties of HNTX-III make it a valuable molecular tool for exploring the mechanisms of toxin-VGSC interaction, which may help identify novel binding sites on VGSCs. This information is essential for explaining the different selectivity of toxins to VGSC isoforms in addition to providing new insights into the structure and function of VGSCs. Moreover, HNTX-III might be a potential prototype The inward Na + currents were elicited by a 50-ms depolarization from a holding potential of -80 mV to -10 mV.
μM HNTX-III can only reduce less than 10% current amplitude of the Nav1.7 chimeric channel. C, 1 μM HNTX-III can inhibit more than 50% current amplitude of the Nav1.5 chimeric channel. The channels were expressed in HEK 293 cells and Na + current was evoked by a 50-ms depolarization from a holding potential of -80 mV to -10 mV. D, Apparent IC 50 values were approximately 231 nM for Nav1.7 and 975 nM for the Nav1.5 chimeric channel as calculated from the dose-dependent inhibition curves. Note the IC 50 value of HNTX-III against the Nav1.7 chimeric channel (Nav1.7M) could not be calculated because even the highest concentration used had very low inhibitory effect on this channel.
FIGURE. 5.
Kinetics of dissociation and reassociation of HNTX-III-Nav1.7 complex. A, Diagram showing the protocol for dissociation analysis. Cells expressing Nav1.7 channels were incubated in HNTX-III for 3 min at a holding potential of -100 mV to allow binding. The rate of toxin dissociation was determined with the illustrated pulse paradigm by stepping to a depolarizing pulse of 100, 80, or 60 mV, for 10 to 1110 ms at increments of 100 ms, returning to -100 mV for 200 ms to allow recovery from fast inactivation, and then assessing the effect of the depolarizing pulse with a 50-ms test pulse to -10 mV (test). B, In the presence of 2 μM HNTX-III, progressively prolonged strong depolarization (to 100 mV) led to a greater degree of Nav1.7 current recovery from HNTX-III inhibition. C, In the presence of 2 μM HNTX-III, Nav1.7 current recovery increased in correlation with the increment of depolarization potentials (the depolarization duration time was set as 400 ms). D, Time course of dissociation of 2 μM HNTX-III from Nav1.7 at 100 mV ( τ =189±5ms, n = 3), 80 mV (τ =323±10 ms, n = 3), and 60 mV(τ = 566±13 ms, n=4). E, Time constants of dissociation as a function of potentials for Nav1.7 in the presence of 2 μM and 5 μM HNTX-III. Note that the dissociation was voltage-dependent and dose-dependent. F, Diagram showing the protocol for reassociation analysis. The Nav1.7 current was first activated by a 50-ms depolarization from -100 mV to -10 mV, followed by a 600-ms strong depolarization to 100 mV to cause toxin dissociation, progressively longer hyperpolarizing pulses to allow toxin rebinding, and a final test depolarization to -10 mV to assess HNTX-III rebinding. G, Gradual rebinding of HNTX-III to Nav1.7 occurred after progressively prolonged repolarizations with complete reassociation at 55 s. H, Time course of reassociation of 2 μM HNTX-III with Nav1.7 at -100 mV (τ=22.3 ± 2.4 s) and -80 mV (τ=21.0 ± 2.1 s). I, Time constants of reassociation as a function of potential for Nav1.7 in the presence of 2 μM and 5 μM HNTX-III.
FIGURE. 6. HNTX-III promotes the deactivation of Nav1.7 current following an extreme depolarization. A, Current traces were recorded HEK 293 cells expressing Nav1.7 in control before and after application of 5 μM HNTX-III. Nav1.7 current was activated with a 0.2-ms depolarization to 250 mV followed by a repolarization to -40 mV to elicit the tail current. B, The currents shown in A were normalized to the maximum current evoked during the depolarization. Note that the relative amplitude of the tail current became smaller in the presence of HNTX-III. The inset shows just the tail currents after normalization of the maximum tail current amplitude. Note that the decay of the tail current was faster in the presence of HNTX-III compared with that of control. C, Time constants for tail current decay was determined at repolarizing pulses ranged from -20 to -80mV before and after 1 μM HNTX-III application (n=5). Data are expressed as mean ± S.E. 
